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Abstract—Spatial multiplexing for millimeter (mm) wave line
of sight (LOS) links potentially enables data rates of the oder of
10-100 Gbps. Most prior work in this area has focused on unifim
transmit and receive arrays, for which it is known that the spatial
responses seen by different transmitters can be made orthogal
by choosing the antenna spacing appropriately as a functiomf
range and wavelength. In this paper, we show that variationsn
range can cause significant degradation in performance forigh
uniformly spaced arrays optimized for a given range, due to he
appearance of high correlations between the spatial respses for
different transmitters (and hence rank deficiency in the MIMO
channel matrix) as a function of range. We then demonstratehat
optimized nonuniform arrays alleviate this problem by keefng
correlations between spatial responses small over a sigraéintly
larger set of ranges than is possible with uniform spacing.

|. INTRODUCTION

by the array geometry. Spatial multiplexing over a LOS
channel is possible given appropriate spacing betweemaate
elements [4]. The required inter-element spacing scales as
VR) whereR is the range and is carrier wavelength. At
mm wavelengths, spatial multiplexing can be achieved in a
LOS environment using moderately sized arrays.

Given knowledge of the link range and carrier frequency,
a uniform linear or rectangular array can be designed that
provides a spatially uncorrelated MIMO channel [5], [6].
However, these arrays must be separated by the prescribed
distance for the channel to remain uncorrelated. In many
scenarios of practical interest, a link may be deployed over
an actual link range that differs from the nominal link range
When this occurs, the use of uniformly spaced arrays may
result in a highly correlated channel. We seek an array

In this pap?r we corjsh|d|§r thef.\ Qeﬁlgrll_(())fs nonulr_uflorr_n ar?j’esign that provides acceptable performance over thedarge
tenna arrays for use with line-of-sight ( ) multiple-np possible interval surrounding the nominal link range. Trem

multiple-output (MIMO) links. Prior work in this area of LOS
We
propose that nonuniform arrays offer robust performanes ov

MIMO has focused on the design of uniform arrays.

contribution of this paper is to demonstrate that nonunifor
rrays can be far superior to uniform arrays in this regard.
Prior work in the area of nonuniform array design has

a larger set of link range than a unlform array of IOIent'Caa{ddressed array pattern synthesis, with early contribsitiy
length. Our treatment of the problem is placed in the cont i

increase in data rates over current systems.

The mm wave MIMO architecture operates in the 60 GHz
70-95 GHz frequency bands where large swathes of bandwi
are available on an unlicensed or semi-unlicensed basis
Aggregate data rates of 40+ Gbps are achieved by transmittw
several independent 5-10 Gbps data streams in parallel ove

multiple antennas, as shown in Fig. 1.

Spatial multiplexing, the transmission of multiple indape
dent signals in parallel over a multi-antenna link, has be%
studied extensively in the literature since the landmareps
of Foschini [2] and Telatar [3]. The bulk of work in this area,
has addressed spatial multiplexing in rich scattering renvi

King [7] and Harrington [8]. Th ider the far-
of the mm wave MIMO architecture, a high speed point-tq ng [7] and Harrington [8] °S@ papers consider te far

point wireless link designed to achieve an order of mageitu

jeld array radiation pattern, which assumes a planar wave
pproximation. In this work, the geometry of both the traitsm
arnd receive arrays must be considered jointly, and the plane
urate spherical wave propagation model. The spherical
ve model is more appropriate due to the small carrier
avelength and moderate antenna spacings considered here.
{Aulti-antenna architectures operating at mm wave frequen-
cies have previously been studied in the literature. Ngtdbé
authors of [9] outlined the challenges and various solgtion

%{Q/e approximation must be abandoned in favor of the more

i

dsociated with building low-cost, high data-rate 60 GHz
wireless links. The antenna array in their proposed archite

re used for beamforming, in order to boost gain and reduce
multipath. The architecture proposed here, on the othed,han

ments, where the complex channel gains can be modeled a5 multiple antennas for spatial multiplexing.
random variables. A mm wave MIMO link, however, operates . paper is organized as follows. We review the mm-

primarily over a line-of-sight (LOS) environment where th,%vave MIMO architecture and basic geometry of LOS MIMO

channel coefficients are largely deterministic and Spetif'%hannels in Section I

This research was supported in part by the National Sciecendation
under grants ECS-0636621, CCF-0729222 and CNS-0832154.

In Section Ill, we provide a brief
derivation of the linear Rayleigh-spaced array and ingesti
its performance when used at various link ranges. The specifi
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Fig. 1. Overview of the proposed mm wave MIMO system. Both tlaasmit and receive nodes include Arelement antenna array® denotes the link
range.

link ranges at which the channel becomes spatially cordlatand a maximum beamwidth df6° is required by the FCC.
are identified. This motivates our discussion of the norarnif Due to high multipath attenuation and narrow beamwidths,
array in Section IV. An optimization metric is providedthe mm wave MIMO cannot rely on multipath scattering to
along with several examples of optimized arrays. Conclgidiprovide a spatially uncorrelated channel. Instead, we irequ
thoughts and discussions of future work are provided that antenna elements are spaced sufficiently far apartir@pa
Section V. requirements are discussed detail in Section Ill.

We assume herein that no precoding is performed. Al-
though precoding is required for eigenchannel transmissio

This section presents an overview of the mm wave MIM®©apacity-achieving multiplexing scheme [10], mm wave hard
system, a scalable multi-antenna architecture capableatib$ ware constraints would severely limit this approach. Sipeci
multiplexing over a line-of-sight wireless channel. Calesa- cally, capacity is achieved through eigenchannel trarsionis
tion of this system and its constraints will provide a contexoy allocating more power to strong eigenchannels via water-
for later discussion of array optimization. The sectionoaldilling. However, the dynamic limited range of current mm

Il. BACKGROUND

includes a review of the LOS MIMO channel model. wave hardware constrains the amount of power allocation tha
o ) is possible. Further, we are constrained to small constatist
A. The millimeter-wave MIMO architecture (i.e. BPSK, QPSK) that fall short of capacity given a high SNR

As mentioned above, the mm wave MIMO architecture ishannel. Thus, we have little to gain by performing precgdin
designed to provide an order of magnitude increase in datathe cost of added complexity.
rates compared to existing wireless links. To achieve theseWe further assume that a zero-forcing (ZF) filter, also known
rates, the system exploits the abundant bandwidth availabb a decorrelating receiver, serves as the spatial equalize
at mm wave frequencies. In the United States, the mm walitleear equalization scheme such as this can be implemented
spectrum includes 7 GHz of unlicensed bandwidth available analog hardware as a network of variable-gain amplifiers
in the 60 GHz band, 10 GHz of semi-unlicensed bandwid#nd tunable phase arrays operating at IF. An analog process-
available in the 71-76 GHz and 81-86 GHz bands, andiBg approach is favorable because current analog-toatligit
GHz of unlicensed bandwidth available in the 92-95 GHeonverters are incapable of sampling a signal with 5-7 GHz
band. Although bandwidth is plentiful at these frequenciebandwidth at sufficient precision to perform accurate DSP-
it is difficult to generate large amounts of transmit powdsased spatial equalization. This approach therefore permi
using emerging silicon implementations. This drives us tecaling to larger bandwidths and higher data rates.
wards power-efficient (i.e. small constellation) commuatiizn Experimental results for a two-channel prototype and a-four
over large bands. This is in contrast to systems operatiogannel prototype of the mm-wave MIMO architecture have
at lower frequencies, which typical favor spectrally e#fiti been reported in [11] and [12], respectively. These results
communication over relatively narrow bands (20-40 MHz). verify the feasibility of the proposed scalable architeetas

Fig. 1 shows a high level diagram of the mm wave MIMQvell as the applicability of the LOS MIMO channel model,
architecture. The system transmis independent 5-10 Gbpsdescribed next.
data streams in parallel using multiple antennas at thestran
mitter and receiver to achieve the desired aggregate rateBof-OS MIMO channel model
40+ Gbps. Highly directive antennas are typically used atConsider a point-to-point LOS link with amV-element
mm wave frequencies to overcome high attenuation loss amotenna array at each node. Assuming no temporal interdymbo
conform to FCC regulation. Over the 71-76 GHz or 81-8ihterference, which is a reasonable approximation given th
GHz bands, for instance, a minimum directivity of 43 dBnarrow beams radiated by highly directive antennasXhel



received signal vector is given by where(m —n)d < R,. The entries of the channel matrix are
r=Hs+n (1) given by
wd?

_ ) )
where s is the N x 1 transmitted vectorn is an N x 1 h(m,n) ~ e (M35 = e—i(m=n)*¢ (6)

zero mean circularly symmetric complex white Gaussianeois . .
vector with covarianceR,, = 2021y andIy is the N x N Wwhere ¢ = (nd®)/(AR,) is the phase difference between

identity matrix. H is the N' x N channel matrix with entries neighboring elements. The correlation between the receive

humn coOfresponding to the complex channel gain from ﬂ}a%rray responses to thkth transmit element and the:th

nth transmit element to the:th receive element. Assuming ansmit element, wittk 7 m, is given by
a strictly LOS channel with no signal path loss (the loss is |hfh,,|

accounted for in the link budget), the elements of the chianne plk,m) = m

matrix are given byh,,, = e~95P(mn) wherep(m,n) is

N-1
the path length fromuth transmit element to the:uth receive - 1 Z eI ((k=n=1)>~(m—n-1)*)¢
element. Only the relative phase shifts between elements of n—0 (@)
H are of interest, so‘ggr notational convenience we normalize 1 [sin(N(k —m)o)
hm.n by a factor ofe/ X, resulting in -N m‘
Pop = €% ()= R) — =35 Ap(m,n) 2) =plk—m), kme{l,2,...,N}
where Ap(m,n) = p(m,n) — R and X is the carrier wave- whereh,, is the kth column of H. From Eq. (7), we observe
length. that the correlation between receive array responsesvsrdri
Specializing to linear arrays aligned to the broadside oheato zero whenN¢ = 7. Substituting this result into Eq. (6),
other, letx = [x1, 72, ..., xy] specify the positions of th&/ we obtain the optimal uniform spacing
array elements relative to the top of the array, e~ 0 and
xn = L, whereL is the total length of the arrayAp(m, n) dr = RoA (8)
can now be expressed as N
(@ — 22)? which is identical to the familiar Rayleigh criterion, the
Ap(m,n) = \/(zm —2n)2 + R2 — R~ % (3) diffraction-limited resolution of an optical system. Let, =
[0,dRr,2dR,...,(IN — 1)dg] denote the position vector of an

with the approximation holding fofz,, — z,| < R. The

. . ! N-element Rayleigh-spaced array. A 4-element array operat-
entries of the channel matrix are given by yielgh-sp Y y op

ing at 75 GHz over 100 m satisfies the Rayleigh criterion at
R & eI Ax (@m—2n)’® (4) dr =0.316 m and the total array length &= (N — 1)dr =

0.95 m. If the link range is increased to 1 km, the Rayleigh
criterion spacing increases to 1m, for a total array size of
L =3 m. Eq. (8) also specifies the optimal element spacing
of N x N uniform square arrays aligned broadside [6]. Thus

(using, for instance, the zero-forcing equalizer) withsuf- a Ravleiah-spaced x 4 square array would occupy an area
fering performance degradation due to spatial interfexeht of 3 % ng mp q y Py

the next section, we review an array design which meets th|sA more detailed derivation of the optimal uniform spacing

criteria. is provided by Bohagen et al. [13] [5]. The authors consider
[1l. THE RAYLEIGH-SPACEDARRAY linear and rectangular arrays facing arbitrary directions

The Rayleigh spacing criterion specifies the minimum inte
element spacing that guarantees a spatially uncorrelaizal
nel. The criterion is dependent oM, ), and R. In practice, =~ When the Rayleigh criterion is met, the channel matrix
the precise link rang&® may be unknown during the designis scaled unitary and the (noisy) transmitted signal vector
and manufacture of an array, and so we will analyze the lisk can be recovered using spatial equalization techniques
when R deviates from the predicted value. without suffering degradation of the signal-to-noise (§NR
ratio. However, when the link operates at a ramgez R,,
correlation will be present among columns Hf and spatial
Consider the simple example of tw-element uniform equalization leads to increased noise power. From Eq. (7),

linear arrays (ULAs) aligned to the broadside of each othejgte that the correlatiop(k — m) is dependent o through
as shown in Fig. 1. Assume the link range is known, and givgp: rd® _ 7R,

Given the values of and R, it is possible to position the
array elements such that each columnkbfis orthogonal to
every other column. This allows al signals to be recovered

E. Spatial correlation at non-optimal link ranges

A. Derivation of the Rayleigh spacing criterion

. ) . . NE = NR-
by R,. The spacing between adjacent element$ ieesulting 1o demonstrate, we consider a 4-element linear array link

in & position vector ok = [0,d,2d, ..., (N —1)d]. The path ith a carrier frequency off = 75 GHz. Fig. 2 plots the
length difference (relative t@,) is given by correlationp(k —m) of the receive array responses to transmit
, d? elementsk and m as the link range is varied from 200 m

Ap(m,n) = (m —n) 2R, ®) to 2 km. p(1) is the correlation between adjacent columns
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Fig. 2. Correlation among columns &1 as a function of link range for a Fig. 3. Maximum and mean noise enhancement as a functionngeréor
4-element Rayleigh-spaced array. a 4-element Rayleigh-spaced array.

of H, i.e. correlation among the receive array responseswteren is an N x 1 complex Gaussian noise vector with
neighboring transmit elements. Similarly(2) corresponds covarianco?CH.Czr. The ZF equalizer eliminates spatial
to transmit elements separated By. Hence, it representsinterference entirely at the cost of an increase in noisegpow
correlation between responses to the first and third transméferred to as noise enhancement. For a given array cordigura
elements, or the second and fourth transmit elements.Ifination x, the noise enhancement incurred by itretransmitted
p(3) corresponds to transmit elements separated by distasggnal is given by
3d, i.e. the outermost elements transmit array. o1 12 5
At some values ofR, correlation between two or more ni(x, R) = [[hi[“llei[|” = Nllei (12)

columns of H approaches unity, in which case the chann@jherec; is theith column ofCzr and the dependence of

matrix becomes ill-conditioned. For instance, whér= - = onx andR is implicit. The mean noise enhancement is given
% the phase difference between adjacent receive elementsys

¢ = m andH becomes rank one. In general, from Eq. (7) we 1 XN N
find thatp(n) goes to unity wheneveR takes on the values (%, R) = + ;m(R) = 2; Y (13)
n - =
R= WRO’ k=1,2,3,... 9) where )\; are the singular values @ evaluated afR.

Fig. 3 plots the mean noise enhancemettk,, R), and
the maximum noise enhancementax; 7;(x,, R), of the 4-
element Rayleigh-spaced array. Note that noise enhandemen
increases as soon @sdeviates fromR,,. A link budget anal-
ysis suggests that, even under unfavorable weather consliti
the link margin can be set as high as 10 to 20 dB [1]. A
b%rtion of the link margin can be allocated to offsetting the
effects of noise enhancement. However, the noise enhamteme
far exceeds the entire link margin at ranges of 375 m, 500 m,
and 750 m, i.e. at ranges given by Eq. (9) where the correlatio
To assess the impact of spatial correlation on system perfamong columns oH approaches one.
mance, we will consider the output of a zero-forcing spatial Although other spatial equalization methods (eigenchianne
equalizer. The ZF equalizer cancels out spatial interfegenransmission, BLAST, and MMSE) could be considered, these
entirely by filtering the received signal vector by the pseudschemes suffer performance degradation at the same link
inverse of the channel matrix, given by ranges as the ZF receiver due to spatial correlation in the
_ channel. In particular, MMSE and ZF equalization give simil
Cyr = H' = H (HH")™! (10) performance at moderate to high SNRs, with the MMSE
H is typically invertible (although possibly ill-conditie), receiver tending to the ZF receiver asymptotically as th&@SN

in which case the pseudo-inverse and inverse coincide. T9@S large. Thus we focus on noise enhancement throughout
output of the zero-forcing equalizer is as a simple SNR-independent metric of array performance.

In the next section, we consider the use of optimized
y=Czr(Hs+n)=s+n (11) nonuniform arrays that sacrifice optimality &, to provide

forn = 1,2,...,N — 1. This equation specifies the link
ranges at whicfH becomes ill-conditioned for both Rayleigh-
spaced N-element ULAs and Rayeleigh-spaced x N-
element square arrays. According to Eq. (9), /asleviates
from R,, correlation among columns @& first reaches unity
atR = Nzgl R,. At this distance, the receive array responses
the outermost transmit elements become perfectly coedblat

C. Noise enhancement at non-optimal link ranges



acceptable performance over a larger set of link ranges. By ‘ ‘ ‘ ‘ ‘
breaking the uniformity of the array, the noise enhancement 7 —p(@)

. . - - = — — —1stt H
spikes closest tdz, can be avoided. |~ 2ndtem
IV. OPTIMIZED NONUNIFORM ARRAYS ST
Let [R1, Ro] denote the interval abouR, for which the ‘ ‘ ‘ ‘ ‘
maximum noise enhancement remains below a given threshols e v o S
7. Letting v = Ry — Ry, the goal of our optimization will 1 ‘
— 00

be to find a nonuniform linear array that maximizesThe
maximum is denoted by,. For comparison, we let, denote

- - —— - _ |~ -1stterm |
" | - - 2nd term

the value of our metric when using Rayleigh-spaced uniform € °f ,
arrays. For example, consider the four-element uniforrayarr 05|
optimized forR, = 1 km. Settingn = 6 dB, we haveR; = 4 ‘ ‘ ‘ ‘ ‘
810 m and R, = 1440 m, as shown in Fig. 3. The link will 00 600 80 Flzo(ﬂ?) 1200 1400 1600
operate reliably giverkR € [810,1440] m, corresponding to
Yu = 630 m. Fig. 4. Correlationp(1,4), corresponding to signals from the outermost
elements of the transmit array. In the top plat,= 1. In the bottom plot,
A. 4-element nonuniform array analysis a = 0.576.
To gain insight into the optimization problem, we begin with
4-element Rayleigh-spaced arrays at both ends of the liné. T
array is optimized for link rang&, = 1 km. Keeping the outer 1000
two elements fixed, we allow the inner two elements to shift 90|

inward or outward in position by an equal amount, maintajnin
symmetry about the center of the array. The element position
are given byx = [0,adg, (3 — a)dg,3dg], with o = 1

700+

corresponding to the original Rayleigh-spaced array. 600r
As shown by Fig. 35y, is limited by the rightmost spike g 500t
in noise enhancement, which occurs3d{4R,). This spike ao0)

is the result of high correlation between the first and fourth
columns ofH, corresponding to the outer transmit elements.
Allowing the correlation to take on values [p-1, 1], p(1,4)

300

can be expressed as a sum of cosines as follows 1oor
0 L
1 IR, 1 3R, 0 0.2 14
P(1a4)—§COS< 1R )+§Cos< R (3+2a)) (14)

The individual terms and their sum are displayed in the td:gg- 5. Optimization metricy for 4-element array with elements at =
plot of Fig. 4 fora = 1. We observe that(1,4) = —1 at 750 [>@dr: (3 = a)dr,3dz].

m, resulting in a noise enhancement spike as expected. The

first term, plotted as a dashed line, is independent of thieeho

of a while the second term is dependent. We can predict tha}t h bl First. the dist bet di ‘ K
a good choice ofv is one that avoids coinciding positive or0! the problem. First, the distance between adjacent peaks

negative peaks among the cosine terms in the range inter?! anch- cosine term shrinks ds decreases, thus it b_ecqmes
of interest. increasingly difficult to ensure that peaks do not coincide a

Settingn = 6 dB, the the metricy has been computedR decreases. In fact, even in the optimized case, negative
numerically fora € [0, 1.5], with the results shown in Fig. 5. peaks coincide af = 500 m, resulting in a sharp spike in

We find that the nonuniform array outperforms the Rayleigﬁ]-o'se enhancement at this range. Second, we have condtraine

spaced array for any values ofbetween roughly 0.5 and 1 ourselves to a nonuniform array that is symmetric about the
The optimal value occurs at = 0.576. Although not shown, center of the array. Asymmetric arrays may perform signifi-

the correlationg(1,2) and p(3,4) grow large fora < 0.5, cantly better, although they are considerably more diffitul

resulting in a low value ofy. This is as expected, because thgharactenze analytically.

receiver has difficulty resolving the inner and outer eleteen Based on these factors, we proceed to perform a numerical

when they are placed close together. optimization of asymmetric nonuniform arrays. Because the
As shown in the Fig. 4, the optimal value af maintains number of elements in a mm-wave MIMO array is limited

ensures that(3) remains small at values @ surroundingR,. by practical constraints on the array’s physical size, azha

This provides an intuitive notion of what constitutes a gooiive search for optimal positions remains a computatignall

nonuniform array, however, it also highlights the comptiexi feasible option.
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TABLE |
ELEMENT POSITIONS IN METERS FOR OPTIMIZED NONUNIFORM ARRAYS 35 T o —— " -
| i —— Optimized non-uniform
| | i — — — Uniform
|| 1 T2 x3 x4 x5 T6 | 3071 { !

4 element|| 0 058 242 3.00

5element|| 0 046 194 264 358

6 element|| 0 042 161 267 338 4.08

B. Optimization procedure and results

Maximum noise enhancement (dB)

The optimization procedure is first performed on a 4- VA :
element array with an expected link rangel®f = 1 km. Our ) \
optimization goal is to maximize = Ry — R;, where[R;, Ra)]
is the interval aboutR, on which the noise enhancement
rem.alns below) = 6 dB. The array Iengt.h Is fixed at :.3 ._Fig. 8. Maximum noise enhancement as a function of rangerfapimized
m, i.e. the length of a 4-element Rayleigh spaced optlmlzg&emem nonuniform linear array.
for a 1 km link range. The antenna position vector is given
by X = [O,I2,$3,3] with zo € [0,15] and x5 € [15,3]
The optimal element positions, determined through exhast
search, are given by = [0,0.58,2.42,3]. We note that the . )
optimal nonuniform array is, in this case, symmetric, aliiio In thl_s paper, we presented a case f_or the use of_ non_unlform
symmetry does not hold in general. The noise enhancemenfgi2ys in LOS MIMO systems. In practice, the precise disgtanc
the optimized array is plotted in Fig. 6, is 941 m, a 49% between nodes may be unknown during the array deS|gn
increase overy, = 630 m. process. Therefore, we examined how system performance is

.. affected when array size and link range are are not matched

The procedure was repeated for a 5-element array with . . X -

.according to the Rayleigh spacing criterion. Under a zero-

increased to 6.97 dB to account for the additional receive . o e :
) : ; rcing equalization scheme, significant degradation oRSN
array processing gain provided by the extra array elemen

. ) . at'the output of the equalizer may occur. Seeking to minimize
Fig. 7 plots the resulting noise enhancemept= 923 m, an X :
. - these effects, alternate array geometries were considéred
85% increase over, = 498 m. Similarly, a 6-element array

was optimized withy = 7.76 dB. The noise enhancement iwas demonstrated that non-uniform antenna spacing can pro-

plotted in Fig. 8. In this casey, — 918 m provides a 121% vide acceptable performance over a larger set of link ranges

improvement overy,, = 415 m. The antenna positions of thethan uniform Rayleigh spacing.

three optimized arrays are provided in Table I.

We observe that, although, decreases by roughly 20% _ ‘
with each additional array element, remains nearly constant. [11 E. Torkildson, B. Ananthasubramaniam, U. Madhow, andRédwell,

. . . L “Millimeter-wave MIMO: Wireless links at optical speedsii Proc. of
This trend suggests that the benefit of nonuniform optinopat 44th Allerton Conference on Communication, Control and Computing,
grows with increasingV.

September 2006.
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